The survey data of Wide-field Infrared Survey Explorer (WISE) provide an opportunity for the identification of galaxy clusters. We present an efficient method for detecting galaxy clusters by combining the WISE data with SuperCOSMOS and 2MASS data. After performing star-galaxy separation, we calculate the number of companion galaxies around the galaxies with photometric redshifts previously estimated by the SuperCOS-MOS, 2MASS and WISE data. A scaled richness is then defined to identify clusters. From a sky area of 275 deg 2 coincident with Sloan Digital Sky Survey Stripe 82 region, we identify 302 clusters in the redshift range of 0.1 < z < 0.35, 247 (82%) of which are previously known SDSS clusters. The results indicate that our method is efficient for identifying galaxy clusters by using the all sky data of the SuperCOSMOS, 2MASS and WISE.
INTRODUCTION
Galaxy clusters are known as the largest gravitational bounded systems in the universe. They are located at nods of cosmic web. The space distribution of galaxy clusters traces the large scale structure (Bahcall 1988; Allen et al. 2011; Hong et al. 2012) . Their mass distribution can be used to constrain cosmological parameters (Reiprich & Bohringer 2002; Wen et al. 2010) . Clusters are also regarded as natural gravitational lens to magnify faint background sources Liang et al. 2013 ) and laboratories to study galaxy evolution Liu et al. 2012) . Discovery of galaxy clusters is the basis for many related studies.
In optical/infrared, a lot of methods have been used to detect clusters from image data. By visual inspection of optical images, Abell identified more than 4000 nearby rich clusters covering the whole sky (Abell 1958; Abell et al. 1989) . Similar visual inspections were undertaken by Zwicky et al. (1968) and Gunn et al. (1986) . For reducing subjectivity, automated peak-finding methods were developed, e.g., matchedfilter algorithm (Postman et al. 1996) , adaptive kernel technique (Gal et al. 2003) and Voronoi tessellation techniques (Ramella et al. 2001; Kim et al. 2002) . The single-band image data always suffer severe contamination from foreground and background galaxies and provide very poor redshift estimation of clusters.
The Sloan Digital Sky Survey (SDSS, York et al. 2000) offers an opportunity to identify a large number of clusters. It provides photometry in five broad bands (u, g, r, i, and z) covering ∼ 14,000 deg 2 , as well as the follow-up spectroscopic observations. In such multi-band surveys, galaxy colors are related to their redshifts. Member galaxies have similar colors and show a red sequence, so that proper cuts in colors can reduce projection effect for cluster identification. A lot of red-sequence based methods have been developed (Gladders & Yee 2000 , 2005 Goto et al. 2002; Koester et al. 2007 ). Photometric redshifts were estimated for all galaxies (Csabai et al. 2003; Oyaizu et al. 2008) . A large number of galaxy clusters have been found based on photometric redshift (Wen et al. 2009 Szabo et al. 2011) .
Except for Abell clusters at low redshift , there is no all sky cluster catalog up to intermediate redshift of z ∼ 0.3. The Wide-field Infrared Survey Explorer (WISE) is an all-sky survey at infrared wavelengthes with the observation depth similar to that of the SDSS (Yan et al. 2013) , which provides an opportunity to identify many new clusters covering the whole sky. Combined with optical data, the WISE data have been used to identify clusters at high redshift (Gettings et al. 2012) .
In this paper, we present a simple but very efficient method to identify galaxy clusters by combing the WISE data with the SuperCOSMOS (Hambly et al. 2001) and Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006 ) data. In Section 2, we describe the data, present our method for the identification of galaxy clusters, and apply it to the data in the SDSS Stripe 82 region 3 . In Section 3, we compare the identified clusters with previous SDSS clusters. A summary is given in Section 4.
DATA AND ALGORITHM FOR CLUSTER IDENTIFICATION
2MASS is an all-sky survey in three infrared bands, J (1.25 µm), H (1.65 µm) and K s (2.17 µm). The effective resolution of 2MASS is ∼5
′′ . The magnitude limits of 2MASS are 15.8, 15.1 and 14.3 (10σ) for point sources, and 15.0, 14.3 and 13.5 for extended sources in the three bands, respectively (Skrutskie et al. 2006) .
The WISE observes the whole sky in four infrared bands, W 1 (3.4 µm), W 2 (4.6 µm), W 3 (12 µm) and W 4 (22 µm). The angular resolutions in the four bands are 6.1 ′′ , 6.4 ′′ , 6.5 ′′ and 12.0 ′′ , respectively. The all sky survey depths are 16.5, 15.5, 11.2 and 7.9 mag (5σ) for point sources (Wright et al. 2010) . The most important data for cluster identification are WISE W 1-band and 2MASS J-band magnitudes. In terms of detecting distant galaxies, the WISE data is much deeper than the 2MASS data. The limit of cluster detection mainly depends on the depth of the 2MASS data.
Because of the poor resolutions, both WISE and 2MASS data have no reliable star-galaxy separation for most objects by morphological parameters. However, stars and galaxies can be well separated by color index, W 1 − J (Kovács & Szapudi 2013). We cross-match the 2MASS-WISE objects with known stars and galaxies in SDSS DR7 (Abazajian et al. 2009 ) brighter than r = 21 mag with a matching radius of 3 ′′ . In Figure 2 , we show the efficiency for the star-galaxy separation with the W 1 − J color index of the WISE-2MASS data. Galaxies are very well separated with the criteria of W 1 − J < −1.5 mag. To get redshift information for galaxy clusters, we use the catalog of galaxy photometric redshifts 4 given by Bilicki et al. (2014) for 2MASS galaxies. By combining the data of Super-COSMOS, 2MASS and WISE, these authors applied an artificial neural network approach to estimate photometric redshifts of galaxies covering the whole sky. The photometric redshift has an uncertainty of σ z = 0.015 and small percentage of outliers. Note that only 2MASS extended sources have photometric redshifts. The number of galaxies with photometric redshifts is about one tenth of the galaxies separated by W 1 − J < −1.5.
Using the WISE-2MASS data together with photometric redshifts by Bilicki et al. (2014) in the SDSS Stripe 82 region of 309
• ≤ RA ≤ 60
• and −1.25
• , we make cluster identification in the following steps.
For each galaxy with a photometric redshift, we take it as the temporary central galaxy of a cluster candidate, and the photometric redshift is taken as the redshift of the cluster candidate. We then calculate the number of companion galaxies from all separated galaxies within a projected distance of 1 Mpc. The average number of background galaxies is estimated using the galaxies within the projected distance between 2 and 4 Mpc from the assumed central galaxy. We then get the net number of companion galaxies within 1 Mpc of the central galaxy after background subtraction, which is taken as a measured richness, R mea . To avoid a cluster identified repeatedly, we applied the friend-of-friend technique (Huchra & Geller 1982) to merge the members into a cluster candidate, and consider only one cluster candidate within a projected distance of 1 Mpc and a photometric redshift difference of 0.05. We take the cluster candidate with the maximum measured richness, R mea . The second step is to find a richness threshold to identify real galaxy clusters. The best selection is that the cluster richness is related to cluster mass. Because we use the fluxlimited galaxy sample of the WISE-2MASS data, the measured richness, R mea , strongly depends on redshift for clusters with a fixed mass. Here, we define a scaled richness with redshift correction,
to relate cluster mass, where α is the correction slope. Note that the richness, R L * , in the catalog of Wen et al. (2012, WHL12 hereafter) has a good correlation with cluster mass. Thus, we cross-match the identified cluster candidates with the WHL12 clusters of 20 < R L * < 40 by using criteria of a projected separation of 1 Mpc and a redshift difference of 0.05. To get a proper value of α, we plot R scal as a function of redshift for the matched clusters (Figure 2 ). The best fit gives α = 9.8 ± 1.0. We get similar results when matching WHL12 clusters in other R L * ranges. Figure 3 shows the comparison of R L * with R mea and R scal . Clearly, R scal has a better correlation with R L * than with R mea . We define a cluster to have R scal ≥ 30 in our new identifications. To avoid the occasional projection effect, we also require R mea ≥ 4. The cluster candidates with photometric redshift of z < 0.1 are excluded because the angular radius varies rapidly for the fixed radius of 1 Mpc at low redshift, which induces large uncertainty on richness. Finally, we get 302 clusters in the redshift range of 0.1 < z < 0.35 from the 275 deg 2 SDSS Stripe 82 area, which is listed in Table 1 . The histograms for the redshift and scaled richness are shown in Figure 4 . The identified clusters have a mean redshift of 0.18. If our algorithm is applied to the all sky SuperCOS-MOS, 2MASS and WISE data excluding the Galactic plane of |b| > 10
• , we can find about 37,000 galaxy clusters, which will greatly enlarge the number of galaxy clusters in the region outside of the SDSS coverage. To estimate the uncertainty of photometric redshift of clusters, we compare the cluster redshifts with the spectroscopic redshifts of the central galaxies in the SDSS DR7 data (Abazajian et al. 2009 ). 291 of 302 central galaxies have their spectroscopic redshifts measured already. As shown in Figure 5 , the cluster photometric redshift is consistent with spectroscopic redshift with a scatter of 0.022. The central galaxies without spectroscopic redshifts are not observed by the SDSS spectroscopic survey, probably due to fiber collision. We take the value of 0.022 as the typical uncertainty of cluster photometric redshift.
COMPARISON WITH PREVIOUS GALAXY CLUSTERS

CATALOGS
There are many clusters in the Stripe 82 region identified previously in the catalogs (i.e., Goto et al. 2002; Koester et al. 2007; Hao et al. 2010; Szabo et al. 2011; Wen et al. 2009 Wen et al. , 2012 . Generally, these catalogs have a low false detection rate of ∼5%. The completeness is as high as >90% for clusters with mass >1.0 × 10 14 M ⊙ and is about 50% for cluster with mass 0.6 × 10 14 M ⊙ (e.g., Wen et al. 2012) . We regard the clusters in these catalogs as true clusters and compare them with 302 identified clusters. 247 of 302 (82%) identified clusters are matched with the known clusters within a separation of 1 Mpc and a redshift difference of 0.05. The matched percentage of the identified clusters with known SDSS clusters varies with richness as expected, as shown in Figure 6 . The matched percentage increases from 82% with a richness of R scal ≥ 30 to 95% with a richness of R scal ≥ 60. Most of the unmatched clusters have a low richness which all previous methods are less sensitive to detect. In previous catalogs, the matched percentage between them is in the range of 40%-80%, and even lower for poor clusters with a small richness Wen et al. 2012) . The value of 82% is very high compared with previous matched percentage, suggesting that our identification method is very efficient for finding clusters by using the SuperCOSMOS, 2MASS and WISE data.
There are 196 clusters matched with the WHL12 clusters, of which 118 (60%) have the central galaxies matched with the brightest cluster galaxies (BCG) of the WHL12, suggesting that the method presented in this paper has a high probability to find the BCGs. We calculate the projected distance between the central galaxies of identified clusters and BCGs of the WHL12 clusters. As shown in Figure 7 , the distribution is random for the central galaxies not matched with the BCGs. For these clusters, the BCGs may not be located at the positions with the maximum overdensity of galaxy numbers found within a radius of 1 Mpc. Some of these clusters may have multiple bright member galaxies in different subclusters. Many works used red-sequence methods to identify clusters in multi-band surveys (e.g., Gladders & Yee 2000 , 2005 Koester et al. 2007 ). The basis of such methods is that cluster galaxies have similar colors, which are tightly related to redshift. We check if the colors by the WISE and 2MASS data have tight correlations with redshift for the central galaxies. We find that the colors, J − W 1 and J − W 3, have poor correlations with redshift ( Figure 8 ). Cluster identification with J − W 1 and J − W 3 may have large uncertainty at redshift of z < 0.35. Therefore the photometric redshift data provide a better opportunity to identify a whole sky galaxy cluster catalog up to redshift z ∼ 0.35. 
SUMMARY
In this paper, we present an efficient method to identify galaxy clusters by using the SuperCOSMOS, 2MASS and WISE data. First, we perform star-galaxy separation by color index, W 1−J. Then, clusters are identified around the galaxies with estimated photometric redshift. We get a measured richness and define a scaled richness, R scal , by comparing the richness of Wen et al. (2012) . Our method is applied to the data in the SDSS Stripe 82 region and identify 302 clusters of R scal ≥ 30 in the redshift range of 0.1 < z < 0.35. The photometric redshift has an uncertainty of 0.022. 82% of our clusters are matched with previous SDSS cluster catalogs. Our results confirm that this approach has a good potential to detect many new galaxy clusters in the all sky data of Super-COSMOS, 2MASS and WISE, especially in the region out of the SDSS coverage.
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